A n individual is continually bombarded by potentially disease-causing agents. However, under normal circumstances, the action of the immune system ensures that these encounters relatively infrequently result in the development of symptomatic illness. The immune system can be broadly divided into two component parts, the innate and the adaptive branches. The innate branch mediates rapid inflammatory responses following the recognition of motifs typically associated with pathogens through a collection of pattern recognition receptors. In contrast, adaptive immune responses tend to emerge a few days after initial infection and show four central characteristics: memory, specificity, diversity, and self-nonself discrimination. In spite of these two divisions, the effective elimination of pathogens most often requires intricate collaboration between the innate and adaptive immune responses.
Small white blood cells, known as lymphocytes, are the fundamental participants mediating adaptive immune responses. Lymphocytes originate from hematopoietic stem cells in the bone marrow and although a subset migrate to the thymus to form T cells, others remain in the bone marrow to complete their development into B cells (Halin et al. 2005) . Mature lymphocytes circulate throughout the body and are often localized in secondary lymphoid organs such as the lymph nodes and the spleen, which are specialized sites for lymphocyte activation (Junt et al. 2008) . T cells are responsible for cell-mediated immunity and are commonly classified into CD4 þ helper and CD8 þ cytotoxic cells according to their expression of surface coreceptors. On the other hand, B cells mediate humoral immunity through the secretion of antibodies that recognize and neutralize invading pathogens.
To become activated to produce antibodies, B cells must first recognize specific antigen through the B-cell receptor (BCR). This specific binding event initiates intracellular signaling leading to altered gene expression, reorganization of the B-cell cytoskeleton, and antigen internalization. Importantly, BCR-mediated internalization targets antigen to endosomes containing newly synthesized major histocompatibility complex (MHC) (Aluvihare et al. 1997; Amigorena et al. 1994) , such that processed antigen can be presented to CD4 þ T cells, thereby recruiting help to facilitate maximal B-cell activation (Lanzavecchia 1985; Rock et al. 1984) . Activated B cells can either rapidly mediate the secretion of low affinity antibodies (MacLennan et al. 2003) , or can enter into a specialized structure known as a germinal center (GC) to undergo affinity maturation, producing plasma cells capable of high-affinity antibody production and long-lasting memory cells (MacLennan 1994; Rajewsky 1996) .
The molecular events underlying BCR-mediated signaling have historically been characterized using standard biochemical analysis methods in vitro. As such, the BCR has been identified as comprising of a membrane immunoglobulin (mIg) responsible for binding extracellular antigen, in complex with an Iga/ b sheath containing immunoreceptor tyrosine activation motifs (ITAMs) in the intracellular domains (Reth 1989) . Cross-linking of the BCR by multivalent antigen triggers phosphorylation of the ITAMs through Src family kinases such as Lyn and Syk. This early phosphorylation leads to the recruitment of intracellular effectors including PLCg2, Vav, Btk, and PI3K, and adaptors including Blnk and Grb2, to form a multicomponent assembly known as the signalosome (Dal Porto et al. 2004; DeFranco 1997; Kurosaki 2002; Scharenberg et al. 2007) . Cellular readouts of the coordinated activity of the signalosome include calcium signaling and activation of transcription factors such as NF-kB. Although these classical strategies have provided an essential foundation of intracellular mediators involved in signaling downstream of the BCR, they contribute little insight into the spatiotemporal dynamics and organization of molecular events within the cell (Treanor and Batista 2007) .
To address the questions of how and where molecular events occur within the cell, imaging-based strategies have been developed and applied to visualize directly molecular events underlying B-cell activation. Importantly, these approaches not only allow verification of molecular pathways identified previously, but also shed light on the spatiotemporal dynamics of these pathways within the cell. In addition, imaging approaches have led to the identification of unexpected and novel roles for molecules such as CD19 in mounting B-cell responses to antigen. An essential tenet that has been revealed by these imaging studies is the importance of molecular segregation as a means of coordinating and regulating interactions within the cell. Indeed, a pivotal role for the cytoskeleton as a means of mediating segregation is emerging, offering a versatile mechanism for the regulation of numerous molecular interactions. The importance of the cytoskeleton is evidenced by the recent observation that mutations in various cytoskeleton regulators are associated with the development of antibody deficiency syndromes in humans (Conley et al. 2009) . In this review, we discuss the contribution that recent imaging investigations have made to our understanding of the process and regulation of B-cell activation. In particular, we highlight the central role for the cytoskeleton in the organization and control of molecular events during B-cell activation.
BCR DISTRIBUTION IN THE RESTING B CELL IS SHAPED BY THE CYTOSKELETON
As activation is initiated following cross-linking of the BCR by antigen, it is important to characterize the distribution and dynamics of the BCR in the resting state to fully appreciate the molecular events regulating the initiation of B-cell activation. In view of the fact that multivalent, but not monovalent, soluble antigens trigger activation (S. Minguet, M. Reth, W. Schamel, pers. comm.; Tolar et al. 2009 ), it was widely assumed that the BCR exists as a monomer in resting B cells. However, as native gel electrophoresis showed that BCRs are able to interact with one another, it was suggested that BCRs form oligomers on the surface of the resting B cell (Schamel and Reth 2000) . On the contrary, a fluorescence resonance energy transfer approach was unable to detect an interaction between individual BCRs in the membrane, indicating that BCRs are monomeric in the absence of antigen (Tolar et al. 2005) . Thus, the precise state of the BCR in the membrane before antigen stimulation remains controversial.
Recently, we have sought to visualize the dynamics of BCR on the surface of the resting B cells using Dual-View total internal reflection microscopy (TIRFM) (Treanor et al. 2010) (Fig.  1A) . Using this method, we were able to track single particles of BCR in the resting B-cell membrane. We observed that BCRs were not able to diffuse freely in the plane of the membrane and instead show a range of diffusion behaviors, with a proportion of receptors much less mobile (diffusion coefficient less than ,0.01 um 2 s 21 ). This restriction in diffusion is contrary to the predictions of the original fluid-mosaic model proposed by Singer and Nicholson (1972) ; however, it is in line with more recent investigations tracking single molecules of transmembrane proteins in fibroblasts (Kusumi et al. 2005; Sako and Kusumi 1994; Simson et al. 1995) . Indeed, these observations led the authors to suggest that the cell membrane contains discrete confinement zones around 30-700 nm in diameter that restrict long-range diffusion between adjacent zones. This is known as the "picket-fence" model, in which selected transmembrane proteins act as pickets defining confinement zones and are attached to the underlying cytoskeleton fence (Fujiwara et al. 2002) . Furthermore, it has been suggested that lipid microdomains and/or protein islands may contribute to the observed restriction in diffusion of transmembrane proteins (Lillemeier et al. 2006; Simons and Ikonen 1997) . Interestingly, we have used our methodology to simultaneously visualize the BCR alongside components of the cytoskeleton, and showed that slow-moving or immobile BCRs were often co-incident with regions with high density of an ezrin-defined actin network (Treanor et al. 2010) (Fig. 1B) . Indeed, disruption of the cytoskeleton network through pharmacological agents results in intracellular signaling similar to that observed following antigen stimulation, likely as a result of BCR cluster formation. Thus, it appears that the cytoskeleton plays an important role in regulating the distribution and dynamics of the BCR in the resting B cell.
RECOGNITION OF ANTIGEN TRIGGERS B-CELL ACTIVATION BY AN UNKNOWN MECHANISM
The BCR can recognize and respond to native antigens both in soluble or membrane-bound forms, though the latter have a lower threshold and thus represent a more effective means of triggering B-cell activation (Batista et al. 2001; Neuberger 1998, 2000) . Although it has been known for some time that dendritic cells (Huang et al. 2005; Wykes et al. 1998) , follicular dendritic cells (Chen et al. 1978; Mandel et al. 1980; Tew et al. 1980) , and macrophages (Koppel et al. 2005) can present intact antigen to B cells in vitro, very recent multiphoton microscopy investigations have verified the physiological significance of antigen on the surface of presenting cells in mediating B-cell activation in vivo (Carrasco and Batista 2007; Junt et al. 2007; Phan et al. 2007; Phan et al. 2009; Qi et al. 2006; Suzuki et al. 2009 ). In view of the predominance of membrane-bound antigen in initiating activation, the original hypotheses developed to describe BCR triggering in response to soluble antigen stimulation must be re-examined. Indeed, it has been observed that monovalent antigen attached to the surface of a presenting cell, unlike monovalent soluble antigen, can trigger B-cell activation (Tolar et al. 2009 ). Furthermore, the additional constraints that are imposed on the B cell to recognize antigen immobilized on the surface of a presenting cell must be considered. As T cells absolutely require the recognition of antigen in complex with MHC on the surface of a presenting cell, models developed to describe the initiation of T-cell activation may prove useful in the derivation of a general description of activation of B lymphocytes.
As the modules responsible for ligand binding and intracellular signaling in immunoreceptors such as the BCR and TCR are separated, the molecular mechanism by which the external binding of antigen is communicated across the membrane is not immediately obvious. Indeed, this has been the subject of a number of investigations and still remains controversial. Two most likely models have emerged to explain the triggering of activation in T cells (Fig. 2) . The first of these is perhaps the more simple conceptually and proposes that the binding of antigen to the extracellular region is communicated to the intracellular signaling region through conformational change(s) in the intervening domains (Kuhns et al. 2006; Schamel et al. 2006) (Fig. 2A) . Although high-resolution static crystallographic data have not provided evidence in support of this view (reviewed in Garcia et al. 1999; Hennecke and Wiley 2001; Rudolph et al. 2006; van der Merwe 2001 ), a number of recent studies have identified conformational changes in the CD31 domain of the TCR following ligation such that CD31 ITAM motifs are exposed to activating Src-family kinases and binding of intracellular effectors (Gil et al. 2002; Xu et al. 2008 ). The second model is known as kinetic-segregation and explains the initiation of T-cell triggering through the alterations in the membrane distribution of inhibitory phosphatases, such as CD45 (Choudhuri et al. 2005; Davis and van der Merwe 2006) (Fig. 2B) . This model assumes that, before antigen stimulation, the TCR is at equilibrium such that it is equally likely to be phosphorylated or dephosphorylated. However, on contact with an antigen-presenting cell, small adhesion molecules such as CD2 on the T-cell surface establish close-contact zones that exclude more bulky cell-surface molecules, including CD45. Given that the extracellular domain of the TCR is relatively small, its diffusion into and out of the close contact zone is not restricted. Accordingly, TCR within the close contact zone is more likely to be phosphorylated because of the size-dependent exclusion of CD45. When the TCR residing in the close contact zone specifically recognizes antigen on the surface of the presenting cell, it will be held in this zone, increasing the lifetime of phosphorylated TCR, such that triggering occurs. There are a number of lines of experimental evidence supporting this viewpoint, including the importance of the balance of phosphorylation (Secrist et al. 1993) and the size-dependence of various extracellular domains for triggering T-cell activation (Choudhuri et al. 2005; Irles et al. 2003) . Taken together, it seems likely that some features of both the conformational change and the kinetic-segregation models participate during the initiation of TCR triggering.
Can these two models prove useful in the description of analogous processes during B-cell activation? At this stage, there is no high-resolution structural data that supports a rapid conformational change to initiate triggering of the The kinetic segregation model postulates that, in the resting state, TCR is equally likely to be phosphorylated by activatory kinases or dephosphorylated inhibitory phosphatases. On proximity of an antigen-presenting cell, small adhesion molecules such as CD2 and CD58 establish a "close contact zone" that excludes bulky surface molecules such as CD45, but permits diffusion of TCR and Lck. TCR in the "close contact zone" is more likely to be found in a phosphorylated state, and the half-life of phosphorylated TCR in this region is increased following recognition of specific pMHC, triggering the assembly of the signalosome and T-cell activation.
BCR following antigen binding; however, this does not necessarily eliminate the possibility that conformational changes may play a role in the initiation of BCR triggering. Indeed, quantitative FRET imaging has revealed conformational changes in the cytoplasmic domains of the BCR complex that are dependent on Lyn recruitment and activity, and thus are assumed to occur later on during BCR signaling (Tolar et al. 2005) . In terms of the kineticsegregation model, it is clear that the balance of phosphorylation is important for the initiation of B-cell activation (Rolli et al. 2002) . Interestingly, although CD45 is the predominant cellsurface phosphatase in T cells (Mustelin et al. 1989 ), B cells express significant amounts of another phosphatase CD148 (Zhu et al. 2008) . Thus, though CD45-deficient B cells are not significantly impaired in their B-cell activation (Byth et al. 1996; Depoil et al. 2008; Kishihara et al. 1993) , it is possible that the bulkier CD148 may play a redundant role in size-dependent exclusion during B-cell triggering. As such, it will be necessary to investigate B cells deficient in CD45 and CD148 to assess the validity of the kinetic-segregation model to describe the initiation of BCR triggering. Future imaging investigations will provide insight into the dynamic distribution of various molecules in the B-cell membrane, and thus shed light on the precise mechanism underlying BCR triggering.
BCR MICROCLUSTERS FORM AND MEDIATE INTRACELLULAR SIGNALING AFTER ANTIGEN STIMULATION
Although imaging methods have not yet provided a definitive molecular mechanism underlying the initiation of BCR triggering, they have proved incredibly informative in the characterization of early events of B-cell activation. Currently, the earliest observable event associated with successful antigen stimulation is the formation of microclusters of BCR in the membrane (Fig. 3) . BCR microclusters have been visualized using TIRFM and time-lapse wide-field fluorescence microscopy following settling of B cells on planar lipid bilayers containing antigen Fleire et al. 2006) . These microclusters are formed of approximately 50 to 500 BCR molecules and can be comprised of either or both of the BCR istoypes expressed by primary B cells, IgM, and IgD . Interestingly, the formation of BCR microclusters was not impaired in Lyn-deficient B cells , indicating that this process is not dependent on signaling through the BCR. In contrast, the formation of BCR microclusters is absolutely dependent on alterations in the underlying cytoskeleton . In line with this, we have very recently observed that the ezrin-actin network underlying the B-cell membrane is reorganized following antigen stimulation, such that defined "corrals" form around BCR microclusters (B. Treanor and F.D. Batista, unpubl. data) . Furthermore, as these corrals restrict BCR diffusion, it seems likely that the cytoskeleton network may contribute to the stability and integrity of BCR microclusters. Thus, it could be that BCR microclusters form as a result of diffusion trapping following restriction of diffusion by the B-cell cytoskeleton. In addition, we expect that other factors play a role in formation of BCR microclusters. In line with this, Pierce and colleagues observed that the membrane-proximal Cm4 domains of IgM have the propensity to oligomerize, suggesting that these domains play an important role in microcluster formation (Tolar et al. 2009 ). The authors do, however, note that in order to mediate this function, the IgM molecules must first be confined within the membrane, potentially through the action of the B-cell cytoskeleton.
The assembly of BCR microclusters was observed to occur on a timescale coincident with the initiation of calcium signaling, suggesting that they may play a role in mediating intracellular signaling. In line with this, early observations indicated that microclusters of antigen often were coincident with staining for phosphotyrosine (Fleire et al. 2006 ) and excluded inhibitory phosphatases such as CD45 . We used an approach involving the expression of fluorescently labeled intracellular effectors in B cells and observed the impact of settling on antigen-containing lipid bilayers by three-color TIRFM. In this way, we visualized the sequential and highly coordinated recruitment of the initiating kinases Lyn and Syk, followed by the downstream mediators Vav and PLCg2 . A subsequent FRETbased investigation confirmed the recruitment of Lyn to BCR microclusters and suggested that membrane lipids may play a role in the regulation of this association (Sohn et al. 2008 ). In addition, we also showed that not only the recruitment but also the enzymatic activity of particular mediators was required to initiate calcium signaling ). These observations indicate that BCR microclusters function to mediate intracellular signaling. As this is in agreement with previous observations concerning the role of TCR microclusters (Bunnell et al. 2002; Campi et al. 2005; Yokosuka et al. 2005) , we have redefined microclusters as microsignalosomes and suggested that they are a common unit of signaling in lymphocytes Harwood and Batista 2008) . Importantly, microsignalosomes allow intricate regulation of immunoreceptor signaling through the potential for dynamic recruitment of positive and negative regulators. In line with this, we have observed that components of microsignalosomes can cooperate to facilitate the recruitment and retention of the other ). This type of elegant mechanism for regulating BCR signaling is not possible from "cap" structures previously observed following stimulation with soluble antigen (Schreiner et al. 1976 ; Stackpole et al. 1974; Unanue et al. 1972) . Thus, given that the predominant form of antigen-mediating activation in vivo is membrane-bound, B cells can very precisely regulate the extent of activation according to the context in which the antigen is presented.
SPREADING PROPAGATES MICROSIGNALOSOMES NECESSARY FOR B-CELL ACTIVATION
Although microsignalosomes are required for mediating BCR signaling their formation alone, is not sufficient to elicit B-cell activation. In addition, it is necessary for the B-cell to amplify the number of microsignalosomes such that the threshold for antigen stimulation is exceeded ). The B cell achieves this amplification by spreading out its membrane across the presenting cell, allowing contact with greater amounts of antigen on the surface (Fleire et al. 2006) (Fig. 3) . As BCR engagement of antigen at the leading edge drives the spreading response, the extent of spreading depends on the affinity and density of antigen on the presenting surface and determines how much antigen the B cell accumulates for presentation to helper T cells (Fleire et al. 2006 ). As spreading is abrogated in the presence of inhibitors of actin polymerization and Src-family kinases, this cellular response absolutely requires intracellular signaling and cytoskeleton reorganization. The signaling events downstream of the BCR important for mediating spreading have recently been investigated ) through a screen of an existing panel of mutants in a chicken B-cell line (Shinohara and Kurosaki 2006) . The DT40 B-cell line shows a high rate of homologous recombination, enabling the rapid generation of B cells deficient in a particular mediator (Kurosaki 1999) . In addition, this strategy has the advantage of allowing investigation of molecules whose deletion is embryonically lethal in a knockout animal system. It was observed that Lyn and Syk were absolutely required for the initiation of B-cell spreading in response to antigen-containing membranes . Furthermore, although B cells deficient in Vav and PLCg2 were severely impaired in mediating spreading, it is clear that these two mediators play a critical role in the propagation of the cellular response. B cells deficient in Btk and Blnk were markedly impaired in spreading, suggesting that the activation and retention of PLCg2 is important during spreading. In contrast, B cells lacking all three IP 3 receptors were fully competent in mediating spreading, a somewhat surprising observation given the calcium-dependence of the analogous process in T cells (Bunnell et al. 2001) .
Although the key intracellular mediators involved in B-cell spreading have been established, the molecular mechanisms underlying the necessary cytoskeleton rearrangements currently remain unclear. However, as Vav is known to be an important regulator of the cytoskeleton and has been established as critical for propagation of B-cell spreading , this offers insight into potential mechanisms for reorganization of the cytoskeleton. Alongside its role as a molecular adaptor, Vav functions as a guanine nucleotide exchange factor (GEF) to activate RhoGTPases such as Cdc42 and Rac that are involved in the regulation of cytoskeleton reorganizations (Jaffe and Hall 2005) . In line with this, the GEF activity of Vav has been shown to be essential during B-cell spreading ). In addition, in T cells, Vav has been implicated as a regulator of ezrin dephosphorylation in response to TCR stimulation (Faure et al. 2004) . This is of particular interest as dephosphorylation of ezrin leads to release of the association between the plasma membrane and the actin cytoskeleton, facilitating the formation of cell conjugates. Interestingly, a rapid and global dephosphorylation of ezrin has been observed following stimulation of B cells with soluble antigen (Gupta et al. 2006 ). In conjunction with Vav, a number of other intracellular B-cell effectors have been implicated in the regulation of cytoskeleton reorganizations following stimulation of the BCR. These include the leukocyte-specific homolog of cortactin HS1 (Gomez et al. 2006; Hao et al. 2004; Yamanashi et al. 1997) , cofilin (DesMarais et al. 2005; Yonezawa et al. 1991) , DOCK8 (Randall et al. 2009 ), and B-lymphocyte adaptor molecule of 32kDa (Bam32) (Fournier et al. 2003; Han et al. 2003; Marshall et al. 2000) . Bam32 represents a particularly interesting candidate as it is recruited to the plasma membrane and phosphorylated following BCR ligation (Marshall et al. 2000) , and B cells deficient in Bam32 are impaired in actin polymerization and antigen internalization (Niiro et al. 2004) . Given the importance of the spreading response in shaping the outcome of B-cell activation, detailed investigations of these and other mediators will be invaluable in deriving a complete description of the molecular mechanism communicating BCR ligation with cytoskeleton reorganizations.
CD19 IS ESSENTIAL FOR B-CELL SPREADING AND ACTIVATION
During a dissection of the requirements for B-cell spreading, we uncovered a novel and unexpected role for the B-cell coreceptor CD19 . Until this discovery, CD19 was most commonly known as a component of the CD21-CD19-CD81-leu13 complex responsible for enhanced BCR signaling in response to antigen coated with complement fragments (Fearon and Carroll 2000) . In these circumstances, the ligation of CD21 (also known as complement receptor 2) triggers CD19 to recruit intracellular effectors that facilitate signaling through the BCR. However, the observation that CD19-deficient mice show more severely impaired B-cell responses to antigen than mice lacking CD21 (Ahearn et al. 1996; Engel et al. 1995; Rickert et al. 1995) suggests that CD19 performs an alternative role independent of CD21 during B-cell activation. In line with this, we observed that B cells lacking CD19 were unable to initiate calcium signaling and thus could not mediate spreading and activation in response to antigen on the surface of presenting cells . Interestingly, and in agreement with previous investigations, we observed that CD19-deficient B cells respond to soluble antigen in a similar manner to wild-type B cells Fujimoto et al. 1999; Sato et al. 1997) . These observations nicely complement recent intravital imaging investigations, demonstrating the central role of antigen bound to presenting cells as the predominant form triggering B-cell activation in vivo (Carrasco and Batista 2007; Junt et al. 2007; Phan et al. 2007; Phan et al. 2009; Qi et al. 2006; Suzuki et al. 2009 ).
Though the molecular mechanism by which CD19 mediates this essential role in B-cell spreading has not yet been fully elucidated, imaging strategies have allowed us to gain some insight into this process. The cytoplasmic domain of CD19 contains several motifs that can mediate the recruitment of numerous intracellular effectors, including PI3K and Vav (Li et al. 1997; Tuveson et al. 1993) . Furthermore, it has been suggested that CD19 forms oligomers in the membrane (Brooks et al. 2004) , potentially allowing cooperation and prolonged retention of recruited molecules. Thus, it seems plausible to suggest that CD19 mediates the recruitment and stabilization of additional intracellular effectors in the microsignalosome to facilitate signaling through the BCR. In support of this mechanism, it was observed that CD19 becomes transiently associated with BCR microclusters following stimulation with membrane-bound antigen ). More recently, we have used Dual-View TIRFM to visualize single particles of CD19 moving between signaling BCR microclusters following antigen stimulation (D. Depoil and F.D. Batista, unpubl. data) . In addition, we observed that mediators recruited through CD19, such as PI3K, are laterally segregated from those recruited solely through the BCR in the B-cell membrane. Thus, at this stage, it appears that CD19 plays a role in B cells similar to that of LAT in T cells (Zhang and Samelson 2000) , providing the boost to BCR signaling necessary to stimulate cytoskeleton reorganization. Interestingly, mutations in CD19 and other potential mediators of cytoskeleton reorganization have been associated with antibody deficiency syndromes in humans (Conley et al. 2009 ).
B-CELL CONTRACTION RESULTS IN FORMATION OF THE IMMUNOLOGICAL SYNAPSE
B cells attain maximum spread a few minutes after initial contact with an antigen-presenting cell and subsequently the B-cell membrane undergoes a more prolonged contraction phase (Fleire et al. 2006) (Fig. 3) . The mechanism underlying the initiation of B-cell contraction remains unclear; however, a genetic screen to identify mediators involved in the spreading response revealed that B cells deficient in Vav, Grb2, or Cbl showed impaired contraction T. Schnyder and F.D. Batista, unpubl. data) . B-cell contraction results in the dramatic reorganization of the membrane forming a structure known as the immunological synapse (IS) (Batista et al. 2001; Carrasco et al. 2004 ). The IS was originally identified in CD4 þ T cells (Grakoui et al. 1999; Krummel et al. 2000; Monks et al. 1998 ) and has since become recognized as a common feature associated with lymphocyte activation Potter et al. 2001; Stinchcombe et al. 2001) . The IS comprises a cluster of immunoreceptors in a central supramolecular activation cluster (cSMAC) surrounded by a ring of adhesion molecules, such as the integrins LFA-1 and VLA-4, in the peripheral SMAC ( pSMAC) (Monks et al. 1998) . It is thought that during spreading, clusters of signaling immunoreceptors associated with the underlying actin cytoskeleton are passively translocated to the center of contact via retrograde actin flow to assemble the cSMAC (Kaizuka et al. 2007 ). Interestingly, this would provide an elegant mechanism to explain the segregation of molecules within the IS according to their particular association with components of the cytoskeleton. In addition, recent data suggested that in T cells, this transportation is also mediated through an active process involving the actin-based molecular motor myosin IIA (Ilani et al. 2009 ). However, the contribution of the two mechanisms or alternatives during contraction and formation of the IS in B cells remains to be established.
Though imaging was used to visualize the structure more than a decade ago, the function of the IS has remained controversial. It was originally put forward that given the concentration of immunoreceptors in the cSMAC, this would likely represent the site for active signaling. However, this assumption must be revisited given that intracellular calcium signaling is observed more rapidly than the formation of the mature IS, and in view of the more recent observation that microclusters of immunoreceptors actively signal the cell periphery during spreading (Bunnell et al. 2002; Campi et al. 2005; Depoil et al. 2008; Weber et al. 2008; Yokosuka et al. 2005) . In line with this, a recent investigation tracking microcluster movement in T cells showed that slowing the movement of microclusters toward the cSMAC prolongs signaling through the TCR (Nguyen et al. 2008 ). Thus, these observations support the proposal that the cSMAC forms a platform for internalization of immunoreceptors and attenuation of signaling (Lee et al. 2002) . However, it seems that the division of labor between components of the IS may not be absolute since under certain conditions, such as stimulation with weak agonists, signaling in the cSMAC can be observed (Č emerski et al. 2008) .
The role of the IS in antigen internalization is of particular significance in B cells, as this is known to be critical for the recruitment of CD4 þ T-helper cells required for maximal B-cell activation (Batista et al. 2001) . It is clear that the BCR functions not only to mediate intracellular signaling, but also to target antigen to the correct compartment for intracellular processing (Aluvihare et al. 1997; Amigorena et al. 1994) . Indeed, it has been shown that uptake through the BCR represents a more efficient means to accumulate antigen for presentation to T cells compared with fluid-phase endocytosis (Aluvihare et al. 1997; Cheng et al. 1999) . BCR engagement initiates the reorganization of intracellular compartments to form a central multivesicular compartment enriched in MHC-II, antigen, and accessory molecules necessary for processing (Boes et al. 2004; Drake et al. 1999; Lankar et al. 2002; Siemasko and Clark 2001; Siemasko et al. 1998; Vascotto et al. 2007) . Though the precise molecular requirements for the BCR-mediated internalization of antigen are not yet clear, actin-depolymerizing agents disrupt antigen internalization, establishing a critical role for the actin cytoskeleton during this step of Bcell activation (Barois et al. 1998; Brown and Song 2001) . As B cells deficient in Syk show altered intracellular trafficking and impaired presentation of antigen to CD4 þ T helper cells, it has been suggested that Syk plays a key role in regulating interactions between intracellular vesicles and actin filaments (Le ). In addition, the actin-based motor protein myosin II has been shown to be required for antigen processing and presentation ). It has been put forward that most efficient BCR-mediated antigen internalization occurs when the actin cytoskeleton cooperates with clathrin-and membrane-raftmediated pathways (Stoddart et al. 2005) . Although it is clear that the IS effectively coordinates the processes enabling antigen internalization, future imaging investigations will be vital to establish the molecular mechanisms underlying antigen internalization, presentation, and thus B-cell activation.
CONCLUDING REMARKS
It is evident from our discussion of the molecular events of B-cell activation that the actin cytoskeleton plays a key role at each stage, including: regulating the distribution of BCR in the resting cell membrane; mediating the assembly and stability of BCR microclusters; underlying the cellular spreading and contraction responses; and finally coordinating antigen internalization and processing. Thus, the B cell uses the actin cytoskeleton as a framework to successfully manage numerous molecular interactions. Interestingly, the cytoskeleton structure provides a scaffold to establish polarization of intracellular effectors and compartments, such as has been observed before cell division in T cells (Chang et al. 2007 ). This is a particularly intriguing issue in lymphocyte biology, as this type of polarization can lead to asymmetric segregation of components after cell division, potentially allowing generation of two daughter cells with different effector functions.
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